Chile is one of the most seismically active countries in the world; indeed, having witnessed very large earthquakes associated with high horizontal peak ground accelerations, the use of probabilistic hazard assessment is an important tool in any decision-making. In the present study, we review all the available information to improve the estimation of the probabilistic seismic hazard caused by two main sources: shallow interplate, thrust earthquakes and intermediate depth, intraplate earthquakes. Using previously defined seismic zones, we compute Gutenberg-Richter laws and, along with appropriate attenuation laws, revaluate the probabilistic seismic hazard assessments in Chile. We obtain expected horizontal peak ground acceleration with a 10% of probability of being exceeded in 50 years, reaching from 0.6 g up 1.0 g in the coast and between 0.4 g and 0.6 g towards the Andes Mountains, with larger values in Northern part of the country. The present study improves our knowledge of geological hazards in Chile, enabling the mitigation of important human and material losses due to large earthquakes in the future.
Introduction
Chile is one of the most seismically active countries in the world (Scholz, 2002) , mostly due to its location on the Pacific Ring of Fire. Indeed, from 18 • S to 45 • S, Chile is placed on the contact between the oceanic Nazca Plate and the continental South American Plate, with an estimated convergence rate of 6-7 cm/yr (Khazaradze and Klotz, 2003) . Within this context, several researchers have put in evidence two main kind of seismogenic sources: interplate, thrust events, with epicentres located along the coast, depths ranging between Correspondence to: F. Leyton (fleyton@utalca.cl) 15 and 50 km (for a review, see Barrientos, 2007) , and a second group of earthquakes located inside the subducting Nazca plate with continental epicentres of intermediate depth (greater than 50 km), known as intraplate or inslab events (Kausel and Campos, 1992; Barrientos, 2007) . Similar classification has also been found in Mexico's subduction zone (Singh et al., 2000; García et al., 2005) and other subduction zones world-wide (for a review, see Astiz et al., 1988) . Each one of these seismogenic sources have particular properties, producing a different effect on structures; hence, each one requires a special analysis (Saragoni et al., 2004; Astroza et al., 2002 Astroza et al., , 2005 Leyton et al., 2009b) . For example, Astroza et al. (2002) showed that intraplate earthquakes reached intensities of almost two points in modified Mercalli Intensity larger than interplate events in the epicentral region. More over, Leyton et al. (2009a) , using recordings at regional distances, found clear differences between both kinds of events on their source characteristics (such as seismic moment, corner frequency, seismic energy, and apparent stress drop). Furthermore, several studies have shown important seismotectonic differences between different plate contacts (Uyeda and Kanamori, 1979; Ruff and Kanamori, 1980; Kanamori, 1986) ; clearly reflected on the different seismic demands, making mandatory specific studies for each particular area.
Seismic hazard assessments in Chile have been improving along with our knowledge of the seismotectonics in the region. Greve (1948) developed the first seismic hazard study in Chile, defining seismic response coefficients for different regions in the country. Later, Lomnitz (1969) made the first probabilistic calculations, defining the first seismic hazard map by considering only earthquakes with magnitudes M s larger than 7.5 and assuming that temporal occurrence of an earthquake followed a Poisson distribution. Afterwards, a series of studies addressed the issue of seismic hazard assessments for whole Chile using the probabilistic approach (Barrientos, 1980; Villablanca and Riddell, 1985; Martin, F. Leyton et al.: Re-evaluation of probabilistic seismic hazard assessment in Chile 1990; Algermissen et al., 1992; Alvarez et al., 2002) , as well as regional studies (Romanoff, 1999; Leyton et al., 2009b) ; most of these works have included all the seismicity reported, without clearly separating the effect of the different seismogenic sources.
The probabilistic approach used in most of these studies follow the methodology described by Algermissen and Perkins (1976) , based on the theoretical computations made by Cornell (1968) . This procedure basically defines the main seismogenic sources present in the region, describing them in seismic productivity (Gutenberg & Richter laws) and attenuation functions; then, by assuming that earthquakes occurrence follow a Poisson distribution, the probability of exceeding certain horizontal peak ground acceleration (PGA) over a time period is defined. The results obtained from this procedure combine the information from all seismogenic sources defined in the region, giving an estimation of the complete seismic hazard in the area. This methodology include several assumptions worth discussing, such as: earthquake occurrence follow a Poisson process with a GutenbergRichter distribution of magnitudes, definition of specific seismic zones, considering the seismicity as a stationary process, etc. The Poisson process assumption have been previously discussed (Musson et al., 2005) , and shown that the collective effect of a number of non-Poissonian processes approximates to Poissonian behaviour (Khintchine, 1960) ; even more, Cornell and Winterstein (1988) showed that the Poisson assumption leads only to small errors. On the other hand, recently new models have been proposed for the recurrence of earthquakes (Schwartz and Coppersmith, 1984; Wu et al., 1995; Mattews et al., 2002) , and their application to an Andean context should be discussed further (see, for example, Wesnousky, 1994) . As discussed in Musson et al. (2005) , the assumption of stationarity process can be justified by the geological principle of uniformitarism, enabling the estimation of parameters from seismic catalogues and paleosismic data. Nevertheless, several authors have pointed out limitations of the probabilistic seismic hazard assessment, for example, the use of probabilities on a phenomenon (the seismic cycle) with few observations (Castaños and Lomnitz, 2002) and the fact that ground motions derived from probabilistic assessments cannot be related to a specific earthquake (Wang et al., 2003) .
Despite these observations, in the present study, aimed to obtain a preliminary assessment of seismic hazard in Chile, we use the probabilistic approach considering the two main seismogenic sources: interplate, thrust earthquakes and intraplate, intermediate depth earthquakes. Firstly, we combine information from different catalogues and define linear relations between different magnitudes used in Chile and surface magnitude (M s ), homogenizing all the information. Afterwards, using an updated version of the seismogenic zones defined by Martin (1990) , we compute the Gutenberg-Richter relations for both kinds of sources. Finally, using appropriate attenuation relationships (specifically defined for Chile), we compute the PGA that has 10% of probability of being exceeded on 50 years (equivalent to a return period of 475 years).
The results presented here represent only first order computations because, in certain areas, there is the influence of a third seismogenic zone, corresponding to crustal earthquakes related to deformation in the crust, as considered in previous works (Martin, 1990; Algermissen et al., 1992; Romanoff, 1999; Leyton et al., 2009b) . Nevertheless, the results obtained in this study will help improve our understanding of the seismic hazard in Chile, enabling a better prevention of human and material losses produced by large earthquakes.
Methodology
In the present study, we use the probabilistic approach to estimate the seismic hazard in Chile (from 18 • S to 45 • S) considering only two main seismogenic sources: interplate, thrust earthquakes and intermediate depth, intraplate earthquakes. We use the definition of seismogenic sources made by Martin (1990) that consider the separation of interplate, thrust and intermediate depth, intraplate earthquakes (see Fig. 2 ); updated with improved descriptions of the plate contact reported by Gudmundsson and Sambridge (1998) .
In this work, we consider the information from three different seismic catalogues: SISRA (Askew and Algermissen, 1985) , the National Earthquake Information Center (NEIC, 2009) (Barrientos, 1980; Algermissen et al., 1992; Leyton et al., 2009b) . Firstly, we searched in the different catalogues for all events that presented M s and other magnitude (either mb, M w or M L ); then, using least squares (Menke, 1989) , we compute linear relations. The data used and results are presented in Fig. 1 and Table 1 , along with estimated errors and correlation coefficients.
Afterwards, combining all the available information, we remove the influence of any clusters following the methodology described by Reasenberg (1985) , in order to maintain the assumption that the occurrence of earthquakes follows a Poisson distribution. Once we obtain a definitive catalogue, we compute Gutenberg-Richter laws after evaluating the appropriate time window for completeness of each magnitude range (Stepp, 1971 (Stepp, , 1973 , as done in previous works in Chile (Labbe, 1976; Labbe and Saragoni, 1976) . In this study, we use the attenuation laws defined by Ruiz and Saragoni (2005) for Chilean data, representing the particular behaviour of earthquakes within an Andean subduction environment. Ruiz and Saragoni (2005) considered the differences in seismogenic source, defining a particular function for interplate, thrust earthquakes and intermediate depth, intraplate events and included information regarding the site conditions. For this work, we selected the relation defined for rock or stiff soil, mostly characterized by an average S-wave velocity for the upper 30 m between 360 and 1500 m/s. Due to the fact that seismic waves are strongly modified by surface structure (Astroza and Monge, 1989; Borcherdt, 1994; Field, 2000) , the results presented here probably are overestimated for site with hard rock and under estimated for soft soils. However, Santiago and some of the most populated cities in the country are located on rock or stiff soil such as alluvial and fluvial deposits, thus the selection of this relationship tend to reproduce the hazard more accurately in areas of higher vulnerability and impact on the population.
Finally, we selected a maximum credible magnitude of M s =8.5 for interplate, thrust earthquakes and M s =8.0 for intermediate depth, intraplate earthquakes, as done in previous works (Romanoff, 1999; Leyton et al., 2009b) .
Results
After homogenizing the magnitudes into M s and removing the effect of clusters, we can describe the seismic productivity using well-known methods (Gutenberg and Richter, 1944) . We compute the productivity Gutenberg-Richter laws (Log(N)=a−b M s ) using the maximum likelihood method, as defined by Page (1968) and later extended to unequal observational periods by Weichert (1980) ; in this study, the minimum magnitude for completeness was defined using the maximum curvature (Wiemer and Wyss, 2000) . The results are presented in Table 2 (and Fig. 3) , for all the seismogenic sources considered in this study (Z1 to Z7). Note that the a-value depends on the area while the b-value is function of the relative number of small to large magnitudes. From Table 2 , we can see that in general, interplate, thrust seismogenic sources (Z1 to Z3) have a larger productivity than intraplate, intermediate depth sources (Z4 to Z7), except for Z5 Figure S1 . (a) Topographic map with location of seven zones used in this study; Z1 to Z3 correspond to interplate, thrust seismogenic sources while Z4 to Z7 are intermediate depth, intraplate seismogenic sources (modified from Martin, 1990) that presents values similar to Z1. This large seismic productivity has been recently reported (Sasorova and Levin, 2008) , having a strong influence in the results.
Following the methodology defined by Algermissen and Perkins (1976) , we compute the expected horizontal peak ground acceleration with a 10% probability of being exceeded in 50 years, equivalent to a return period of 475 years. The results are presented in Fig. 3 , from where we can see that, in general, the largest peak accelerations are expected in the coast (ranging from 0.6 to 1.0 g), while in the Andes Mountains, the PGA is almost halved (0.4 to 0.5 g). At a second glance, we find that the Southern part of the country (∼36 • S to 46 • S) present the lowest values of expected PGA, probably caused by the fact that this area corresponds to the rupture area of the Valdivia 1960 earthquake, region with very long return periods (over 200 years for earthquakes with magnitude ≥8.5, according to the Gutenberg-Richter laws presented in this study and recently estimated to ∼285 years, Cisternas et al., 2005, or ranging between 500 to 2000 years, Moernaut et al., 2007) . On the other hand, for latitudes between 18 • S and 25 • S, we found PGA values over 0.8 g, decreasing below this value at more than 100 km from the coast; this may be produced by the large seismic productivity (a-value of the Gutenberg-Richter law) found in zone Z5. 
Conclusions
In the present study we compute preliminary estimations of the seismic hazard in Chile (from Arica to Taitao Peninsula, in other words, from 18 • S to 45 • S), considering only the two main seismogenic sources: interplate, thrust earthquakes and intermediate depth, intraplate earthquakes. For this purpose, we describe each seismogenic source separately to properly incorporate its the effect, update estimations of Gutenberg-Richter laws, and use attenuation laws specifically defined for the study region. We found that, in general, the expected horizontal peak ground acceleration is larger on the coast (reaching values from 0.6 to 1.0 g), while by the Andes Mountains values are smaller (ranging from 0.4 to 0.6 g). Unexpectedly large values are found in the Northern part of Chile (PGA over 0.8 g) due to the high seismic productivity found in that region (see Table 2 and Fig. 2) , while low values in the Southern part (PGA lower that 0.6 g) are caused by the characteristic long return periods of the large to very large earthquakes produced there. However, the use of Gutenberg-Richter law to predict the behaviour of mega-earthquakes (such as Valdivia 1960) might lead to unexpectedly high errors and other recurrence models could be more suitable (e.g., a hybrid recurrence model, as shown in Wu et al., 1995) . Even more, these computations need to include information from a third important seismogenic source present in Chile (crustal earthquakes), improve the separation of interplate, thrust and intermediate depth, intraplate earthquakes according to recent findings of the seismic coupling depth, and probably redefine new seismogenic zones according to recent data, in order to produce final results of the seismic hazard assessment in Chile.
The results presented here were computed using attenuation relations specially defined for Chilean earthquakes, separating for interplate, thrust events and intermediate depth, intraplate events, for site on rock or stiff rock; estimations of any specific location must be studied independently. More over, the results presented in this work do not include the effect of crustal seismicity; hence, they should be appropriately modified to include these sources in order to be eligible for a more extensive analysis. Nevertheless, the present study updates the seismic hazard estimations in Chile for the two most important seismogenic sources, enabling a better prevention for this kind of phenomena.
